The step sensitive to DRB (5,6-dichloro-l-fl-D-ribofuranosylbenzimidazole) in vaccinia virus replication has been investigated. Ninety gM-DRB extensively inhibited the yield of vaccinia virus after infection of Ehrlich ascites tumour cells. DRB did not inhibit cytoplasmic vaccinia DNA replication. Cytoplasmic viral RNA synthesis (both early and late) was also apparently unaffected and the virus RNAs thus synthesized were normal sized. The expression of early, intermediate and late proteins was not detectably impaired by DRB in vaccinia virus-infected cells. DRB inhibited vaccinia virus replication at the assembly stage since most of the virus DNA remained in a DNase-sensitive form in the infected cells and the virus was therefore not normally coated with virus proteins.
INTRODUCTION
DRB (5,6-dichloro-l-fl-D-ribofuranosylbenzimidazole) has been shown to inhibit mRNA production in mammalian cells, presumably by causing a premature RNA chain termination (Tamm & Sehgai, 1979; Tamm & Kikuchi, 1979; Tamm et al., 1980) . A similar effect of DRB has been described on adenovirus DNA transcription (Fraser et aL, 1978) although an adenovirus-coded mRNA escapes this inhibition (Vennstr6m et al., 1979) . DRB also enhances premature termination of SV40 late transcription (Laub et al., 1980) . Although it has been shown that DRB and other substituted benzimidazoles inhibit vaccinia virus replication (Tamm & Overman, 1957; Tamm et aL, 1960; Ikegami et al., 1960 , Bucknall, 1967 , the mechanism of inhibition remains unknown. In view of the apparent requirement of the host nucleus for vaccinia virus replication (Pennington & Follet, 1974; Hruby et al., 1979a, b; Silver et al., 1979) it was decided to investigate the step sensitive to DRB in vaccinia virus replication. The results presented in this report show that DRB has no detectable effect on virus development up to the late stage, but that assembly is impaired.
METHODS

Cells and virus.
Ehrlich ascites tumour (EAT) cells and vaccinia virus were grown as previously described (Jaureguiberry et al., 1975; Person & Beaud, 1978) . Vaccinia virus purified by sucrose gradient centrifugation was used with one A 26o unit of purified virus being equivalent to 2 x 108 p.f.u, or 1.2 x 101° particles (Joklik, 1962) .
Labelling of infected cells with radioactive precursors. EAT cells grown in suspension were washed with phosphate-buffered saline (PBS) and suspended at 2 x 107 cells in MEM supplemented with 2.5 % dialysed newborn calf serum (Gibco) and 20 mM-magnesium acetate. One vol. of a suspension of purified vaccinia virus (3 to 15 p.f.u./cell) prepared in the same medium was added and the cells incubated for 15 min (adsorption period). The infected Fig. 1 . Effect of DRB concentration on vaccinia virus particle yield. 3 × 10 ~ vaccinia virus-infected cells (3 p.f.u./cell) were incubated for 16 h at 37 °C in the presence of the indicated concentrations of DRB. Cells were centrifuged and sonicated and the extracts then centrifuged through two successive cushions of 36% (w/w) sucrose. The pellet was sedimented through a 20 to 40% (w/w) sucrose gradient prepared in 5 mu-tris-HCl pH 9 for 45 min at 15 000 rev/min (Beckman rotor SW50.1). The A257 profiles of the gradients were recorded using an ISCO-UA5 monitor and the yield of virus particles was measured from the area of the peak (see insert). cells were then diluted to 106 cells/ml with MEM supplemented with 5 % dialysed newborn calf serum (zero time). All media unless otherwise indicated (including adsorption medium) contained 90 #M-DRB. Mock-infected ceils were processed as described above but without the addition of virus. An aliquot of the culture was withdrawn and incubated with the radioactive precursor at various times. The cells were then pipetted into tubes containing ice-cold PBS and washed twice with cold PBS. The cells were then suspended in 1 ml PBS to which 1 ml PBS containing 1% Nonidet P40 (NP40) was added. After 5 min the extracts were centrifuged at 2000 rev/min for 10 min and the cytoplasmic fraction was withdrawn. The incorporation of labelled precursor was measured after filtration of the 5% trichloroacetic add (TCA) precipitates on to a Whatman GF/C glass filter. For [35S]methionine the precipitate was heated at 100 °C for 10 min before filtration.
RESULTS
Effect of DRB on the growth of vaccinia virus
EAT cells were infected with vaccinia virus in the presence of increasing concentrations of DRB, and the yield of vaccinia virions was evaluated after purification of the virus from cell extracts. Fig. I shows a 50% reduction in yield corresponding to 15 to 20 gM-DRB and a reduction in yield of more than 90% when 90 gM-DRB was used. These results reveal that inhibition of vaccinia virus replication by DRB, previously measured as a decrease of virus infectivity by other authors (see Introduction) is a consequence of a block in the formation of mature particles. In the following experiments we used 90 gM-DRB to investigate a possible block in vaeeinia-directed macromolecular syntheses.
Effect of DRB on vaccinia nucleic acid syntheses
Vaccinia virus DNA replication was followed by the incorporation of [3H]thymidine into the cytoplasmic fraction of the infected cells. Fig. 2(a) shows a typical pattern of vaccinia DNA replication with peak synthesis at l to 2 h after infection, followed by an efficient shut (a) Early: EAT cells were exposed to 90 gM-DRB for 2 h and then infected with vaecinia virus (15 p.f.u./cell) and pulsed for 10 min with 21 #Ci/ml [3H]uridine at 15 min post-infection. The cytoplasmic RNAs were isolated as previously described (Person & Beaud, 1978) . The RNAs were heated for 3 min at 65 °C and analysed by centrifugation through 5 to 20% (w/w) sucrose gradients prepared in 10 mM-tris-HC1 pH 7.5, 0.1 M-NaC1, 2 mM-EDTA and 0.1% SDS (Beckman rotor SW50. 1 for 195 min, 49 500 rev/min at 23 °C). The gradient was collected into fractions through an ISCO-UA5 monitor and the migration of the 4S, 18S, and 28S RNAs were measured from the h2~ 7 profiles. Each fraction was precipitated with 5% TCA after addition of 200 #g carrier RNA. $ RNAs from cytoplasmic fractions were isolated as previously described by Person & Beaud (1978) . § N.I. indicates mock-infected cells.
off. The pattern obtained when the infected cells were exposed to 90 #M-DRB was very similar, although the incorporation of [3H]thymidine was slightly lower in DRB-treated and infected cells (see also (Tamm & Sehgal, 1979) , and we therefore concluded that DRB has no appreciable effect on cytoplasmic vaccinia virus DNA replication. Vaccinia virus RNA synthesis was first followed by the incorporation of [aH]uridine into cytoplasmic RNAs after a 10 rain pulse. During this time only the 4S RNAs were transported to the cytoplasm. Fig. 2 (b) shows that the rate of synthesis of the early mRNAs in untreated and infected cells was maximal at the start of the infection and was then rapidly switched off at about 1 h post-infection. A second round of transcription (late mRNA) occurred at about 2 to 3 h post-infection and was then gradually shut-off. This pattern is typical of vaccinia virus-directed cytoplasmic RNA synthesis. DRB did not alter this pattern of transcription but there was a reduction in [3H]uridine incorporation at all times in the infected cells. This was confirmed after measuring the specific radioactivity of the cytoplasmic RNAs from infected ceils. Table 1 shows an inhibition (about 35 %) of [3H]uridine incorporation into cytoplasmic RNAs from DRB-treated cells. Since it is known that DRB has an effect not only on RNA chain initiation but also on nucleoside uptake (Granick, 1975; Tamm et al., 1976; Sehgal et al., 1976) , it was important to measure [3H]uridine penetration in the treated cells. Table 2 shows that DRB inhibited the penetration of [aH]uridine in EAT cells (about 45 %). It is likely that reduced incorporation of [3H]uridine into vaccinia cytoplasmic RNA in DRB-treated and infected cells results mostly, if not exclusively, from the reduced entry of the label. Thus, Table 2 confirms the inhibitory effect of DRB on (mostly nuclear) cellular RNA synthesis.
However, this apparent absence of effect of DRB on cytoplasmic RNA synthesis in vaccinia virus-infected cells did not completely exclude possible premature termination of the RNA chains synthesized in the presence of DRB. Therefore, the cytoplasmic RNAs from treated and untreated cells were analysed by sucrose gradient centrifugation. Fig. 3 shows a typical sedimentation pattern for the labelled cytoplasmic RNAs from untreated and infected cells. The early vaccinia RNAs (Fig. 3 a) correspond to a sedimentation coefficient of 8S to 16S, whereas the late RNAs (Fig. 3 b) * EAT cells were infected (or mock-infected) as described in Methods, and at the times indicated 25 gCi [3H] uridine were added to 1.5 ml of the culture. After 10 min at 37 °C the cells were cooled to 0 °C and washed twice with cold PBS.
"~ DRB (90 gtM) was added at zero time. :~ Total radioactivity was measured on two aliquots of 1.5 x 105 cells and the remainder (1.2 x 106 cells) was precipitated with 5 % TCA and filtered. TCA-soluble radioactivity was evaluated by difference between total and TCA-insoluble radioactivity: § RNA synthesis inhibition was calculated according to Tamm et al. (1976) .
II N.L indicates mock-infected cells.
Percentage inhibition is given in parentheses.
and infected cells was very similar although there was a slight relative accumulation of 6S to 8S RNAs and RNAs sedimenting with a rate greater than 25S. In another experiment, using a longer period of centrifugation, the slight accumulation of short RNAs was not observed (data not shown). These experiments suggest that DRB has no detectable effect on vaecinia RNA synthesis in the early stage. In the late stage of infection cytoplasmic RNAs of normal size were still synthesized in the presence of DRB. Since RNAs from DRB-treated cells could be altered in their translational properties we subsequently investigated protein synthesis in DRB-treated and infected cells. Early and late viral gene expression was assayed after SDS-polyacrylamide gel electrophoresis of the labelled proteins. Fig. 4 shows a typical pattern of expression of early proteins at 1 h post-infection, with concomitant shut off of most of the cell protein synthesis (Fig. 4,  lanes 1 and 2) . Subsequently, the expression of intermediate and late vaccinia-coded proteins occurred (Fig. 4, lanes 3 and 4) with shut off of synthesis of the early proteins. This pattern of expression of vaccinia genes is apparently typical (Pennington, 1974) . Fig. 4 (lanes 5 to 8) shows that DRB did not affect this kinetic pattern of expression and that most, if not all, vaccinia-coded proteins were produced. However, some protein bands were underrepresented in the late patterns from DRB-treated cells. These under-represented bands corresponded to proteins with tool. wt. of approx. 36K, 30K, 23K and 22K in the late proteins pattern (markers on the right of the lanes in Fig. 4) . It is possible that this alteration in late protein synthesis results from the unspecific inhibitory effect of DRB on protein synthesis. (Laemmli, 1970) and boiled for 3 min; the labelled proteins (about 2 × 105 ct/min) were analysed by electrophoresis through 15 % polyacrylamide slab gels (Laemmli, 1970) . The autoradiogram of the gel is shown. Lanes 1 to 4, no DRB; lanes 5 to 8, 90 /zM-DRB added. Lanes 1 and 5, uninfected cells; 2 and 6, pulsed at 1 h post-infection; 3 and 7, pulsed at 2-5 h post-infection; 4 and 8, pulsed at 6 h post-infection. The markers S, O, L and C correspond to the migration of serum albumin (68K), ovalbumin (43K), lactoglobulin (18K) and cytochrome c (11.4K) respectively. Arrows on right-hand side correspond to proteins of approx, mol. wt. 36K, 30K, 23K and 22K respectively (late proteins).
Effects of DRB on vaccinia virus-coded protein synthesis
Nevertheless, these results strongly suggest that most late vaccinia proteins are synthesized and that the strong inhibition (more than 90%) of vaccinia particle production does not correlate with the relatively modest effects detected on the production of late proteins. It was therefore important to know whether the D N A synthesized in DRB-treated and infected cells was normally associated with proteins, as judged by D N a s e sensitivity.
DNase sensitivity of vaccinia DNA synthesized in the presenee of DRB
Vaccinia virus-infected cells exposed to 90 #M-DRB were labelled with [3H]thymidine, and the radioactivity incorporated into cytoplasmic D N A in a DNase-resistant form was measured. Table 3 shows that, as expected, 8 0 % of cytoplasmic vaccinia D N A from untreated cells was in a DNase-sensitive form at 6.5 h post-infection, but had become (I, 3 .3 #Ci/ml; II, 7.6 pCi/ml) from 10 rain to 2.5 h post-infection. The cells were centrifuged, washed once with PBS and suspended in non-radioactive medium containing 1 #M-thymidine.
Radioactivity in the lysates from uninfected cells was three to six times lower, with 11 to 25 % in DNaseresistant form. ~: Infected cells were processed as described by Moss et al. (1969) for determination of DNase-resistant DNA.
DNase-resistant by 23 h post-infection. In contrast, most of the labelled DNA from DRB-treated cells remained in a DNase-sensitive form. This result strongly suggests that DRB blocks some stage in the maturation of vaccinia virions and that the viral DNA made is not normally coated with virus proteins.
DISCUSSION
Our results show that DRB efficiently inhibits a stage related to viral DNA encapsidation without causing a detectable gross inhibition of cytoplasmic vaccinia gene expression. The block induced by DRB appears to be similar to that previously demonstrated following enucleation, treatment with a-amanitin and u.v. irradiation of vaccinia virus-infected cells (Pennington & FoUet, 1974; Hruby et al., 1979a, b; Silver et al., 1979) . Moreover, it was previously found that 4,5,6-trichloro-l-fl-D-ribofuranosylbenzimidazole inhibits the growth of vaccinia virus and cellular RNA synthesis proportionally (BucknaU, 1967) . It is likely that DRB blocks vaccinia virus replication at a stage requiring a nuclear-mediated function since, on the one hand, we did not find any gross alteration in vaccinia cytoplasmic RNA and protein syntheses and on the other hand, it is known that DRB inhibits mRNA production in (uninfected) cells, presumably by causing a premature termination of RNA chains synthesized by RNA polymerase II (Tamm & Kikuchi, 1979) . In this respect these studies confirm and extend the data indicating a requirement for a nuclear function in vaccinia virus development. The synthesis of a nuclear viral RNA has been demonstrated in cells infected by both vaccinia (Bolden et aL, 1979) and fowlpox virus (Gafford & Randall, 1976) . Therefore, it is tempting to speculate that the synthesis of the nuclear vaccinia RNA might be sensitive to DRB while synthesis of cytoplasmic vaccinia RNA remains unaffected. Our results indicate that DRB is a useful drug for studying the role of the nucleus in vaccinia replication.
